ABSTRACT Flow linear dichroism studies of DNAs from Clostridium perfringens, Escherichia coli, and Micrococcus luteus are extended into the vacuum UV region to 175 nm. The shortwavelength vTIT* region shows a less negative reduced linear dichroism than the well-studied long-wavelength 1TIF* region. These results are independent of the type of DNA and the concentration of salt over the range 0.0001 to 1.0 M. This proves that the bases are not perpendicular to the flow orientation. Assuming that the DNA tends to align along its helix axis, the largest angle that the bases can make with the helix axis is 73 ± 3°.
trum of B-form DNA generally tends in the positive direction, whereas the less negative 220-to 250-nm region has been assigned to out-of-plane nr1* transitions (1) (2) (3) (4) (5) 12) .
LD studies have been made on the effects of DNA concentration, pH, and salt concentration. Salt studies suggest that the bases do not change their angle with respect to the helix axis, but the helix gets stiffer as a function of decreased salt concentration (1, 8, 10) . It has also been shown that neither pH (2, 7) nor DNA concentration (2, 10) affects the base angle or the stiffness. Furthermore, DNAs from different organisms give the same general shape in the reduced LD but different numerical values (1) .
Electric LD measurements on a variety of DNAs, in general, support the conclusions that have been drawn from flow dichroism data. However, transient electric dichroism studies by Hogan et al. (13) led to an inclination of 730 or less for the bases relative to the helix axis. This value was determined from extrapolations of data taken on monodisperse rodlike DNA from the colEl plasmid. Supporting this are theoretical calculations by Levitt (14) , which predict a 72.40 inclination. S. Wat, W. Mickols, and F. Allen (personal communication) have recently performed electric dichroism experiments that also give a 730 tilt for the bases in DNA.
A previous study (15) of B-form DNA conducted in our laboratory extended the AjO and the circular dichroism (CD) spectra into the vacuum UV region to 165 nm. This work, in addition to other absorption work on the bases (16) (17) (18) , shows a second band in the DNA at about 180 nm that is due to intense gr7T base transitions. It is our purpose to investigate the LD of this shorter-wavelength region. With these LD data we need not assume a model for the flow field in our cell, as is usually done in such studies, or extrapolate data to infinite field, as is usually done in electric dichroism, to find the angle that the bases make with the helix axis. If the bases are truly perpendicular to the helix axis, then the reduced LD in the shortwavelength region should be the same as the reduced LD in the longer-wavelength region.
In this study of three B-form DNAs, we will extend the LD Each DNA sample was dissolved in 0.01 M potassium phosphate buffer (KH2PO4/K2HPO4) at pH 7 and then sheared, using a syringe to force the liquid through a 26-gauge needle. This type of shearing gives a broad range of lengths between 5,000 and 20,000 base pairs. The sample was extensively dialyzed against 1 M NaCl/0.02 M EDTA at pH 7.5 to remove unwanted divalent ions. Finally, the sample was dialyzed into KH2PO4/ K2HPO4 of the desired concentration (0.0001, 0.001, 0.01, 0.1, or 1.0 M) at pH 7. The DNA concentration (0.3-1.8 mg/ml) was determined by absorption spectroscopy, using molar extinction coefficients of 6,500 liters mol' cm-' for E. coli DNA, 7,040 liters mol' cm-' for M. luteus DNA, and 6,300 liters mol' cm-l for C. peifringens at the UV maximum of 258 nm (19) .
To prove that our results are not the consequence of protein or RNA contamination in the commercial samples, a sample of E. coli DNA (2.6 mg/ml) from Sigma was subjected to the following purification. The DNA sample was prepared by thoroughly hydrating it for 3 days in 0.001 M EDTA. It was sheared, and then dialyzed against 0.001 M EDTA to remove unwanted salts and divalent ions. A solution of pancreatic RNase A was prepared by dissolving it in 0.01 M NH4C2H302 at 400 mg/ ml and heating it to 80'C for 15 One-tenth volume of Pronase (10 mg/ml) in the same solvent was added to the DNA and the solution was incubated for 3 hr at 370C. The sample was then dialyzed six times at 4-hr intervals at 40C against 1 liter of 0.01 M Tris HCl, pH 8.0/0.1 M KCI/0.0001 M EDTA to get rid of the Sarkosyl and in preparation for the phenol extraction. Approximately 10 ml of phenol that had been distilled under nitrogen was extracted with the preceding buffer until a pH of 7.0 was obtained. The DNA sample was then extracted with 0.1 vol of the neutralized phenol until the aqueous layer was clear (six extractions). Two additional extractions were then performed, so that all traces of protein were removed. After each addition of phenol, the solution was mixed for 1 min on a Vortex mixer and then separated by using a centrifuge for 5 min at 3,000 X g. Finally, the DNA was dialyzed six times against 1 liter of 0.01 M KH2PO4/K2HPO4 at 4-hr intervals at 40C to remove all traces of phenol.
Absorption spectra were measured on a Cary model 219. The spectrophotometer was continuously flushed with nitrogen gas during each run and for at least 30 min prior to each run at a minimal rate of 42 liters/min. This permitted us to measure the absorption of the DNA samples in 1.0 M KH2PO4/K2HPO4 to 190 nm, and samples at the other salt concentrations were measured to 180 nm. In every case, the same 100-pkm cells were used. The total absorption of solvent and sample was kept below 1.0, of which about 0.2 was due to the DNA. It should be noted that the autobaseline correction feature of the Cary model 219 was not used because it was determined that erroneous spectra were obtained below 220 nm with this option.
The LD spectra were measured on a McPherson 225, 1-m, normal incidence spectrophotometer. The optics of this system (20) and the methods used (21) All data were digitized at 1-nm intervals and smoothed with a 13-point Savitzky-Golay function.
RESULTS AND DISCUSSION
The negative of the LD and Ai,, are presented in Fig. 1 as curves normalized to an area of 100. Normalization was accomplished by dividing the value at each wavelength by the integrated intensity of each curve over the entire observed spectral region and multiplying the result by 100. This arbitrary normalization simply puts all the curves on the same basis so that spectra taken at different shear rates or concentrations can be compared. The curves for normalized reduced dichroism, L', in Fig. 1 were calculated by using these normalized -LD and Ai,0 spectra. The LD, Ai,., and L' were found to be independent of salt concentration over the range 0.0001-1.0 M (Table 1) . Fur- thermore, extensive treatment to remove residual protein and RNA that might be present in the commercial samples did not change the results. Thus we present only representative spectra at 0.01 M KH2PO4/K2HPO4 for C. peifringens, E. coli, and M. luteus DNA in Fig. 1 . These results indicate the electric dichroism measurements at very low salt are applicable to moderate salt. comes sharper as the G+C content increases. The shape of the normalized reduced dichroism is basically the same for all three DNAs. Although the 250-to 280-nm region is composed of seven or eight 7rT* transitions with differing dipole directions, the normalized reduced dichroism is flat, in agreement with earlier work. There is a slight bump between 220 and 230 nm and, following Stewart and Davidson (12) , it is attributed to out-of-plane n9* transitions. The location of this bump shifts from 227-231 nm for C. peifringens to 223-227 nm for E. coli and to 220-224 nm for M. luteus. Below 220 nm, the normalized reduced dichroism again flattens out, even though this band is also composed of seven or eight irv* transitions. Because the two irwr* regions have different values of L', the bases must make an angle with respect to the orientation axis of less than 900. We will assume that the orientation axis is the helix axis.
In an earlier work (21), we developed a method to determine the angle a base makes with respect to the helix axis for homopolymers. If 
